More than 100 different human papillomaviruses (HPVs) can cause proliferative diseases, many of which are malignant, such as cervical cancer. HPV serology is complex because infection and disease lead to distinct type-specific antibody responses. Using bead-based technology, we have developed an assay platform that allows the simultaneous detection of antibodies against up to 100 in situ affinity-purified recombinant HPV proteins. Methods: Twenty-seven HPV proteins were expressed as glutathione S-transferase fusion proteins and affinity-purified in one step by incubation of glutathionedisplaying beads in bacterial lysate. Beads were sorted into spectrally distinct sets, each carrying one particular antigen, and then mixed, incubated with serum, and differentiated in a flow cytometer-like analyzer (xMAP; Luminex Corp). Antibodies bound to the antigens were detected via fluorescent secondary reagents. We studied 756 sera from 2 case-control studies of cervical cancer. Results: Glutathione S-transferase fusion proteins bound with high affinity to glutathione-displaying beads (K d ‫؍‬ 6.9 ؋ 10 ؊9 mol/L). The dynamic range of multiplex serology covered 1.5 orders of magnitude, and antibodies
A method that allows the simultaneous analysis of large numbers of serum samples (i.e., Ͼ500) for antibodies against multiple viral antigens would be useful for seroepidemiologic studies on prevalence and disease association of human papillomaviruses (HPVs). 5 HPV serology is complex for several reasons. More than 100 different types of HPV can infect the epithelia of skin or mucosa (1 ) and induce proliferative diseases (2 ) . Fifteen high-risk types have been identified that can cause malignant tumors, predominantly cancer of the cervix of the uterus; HPV type 16 alone accounts for more than 50% of cervical cancer cases worldwide (3 ) . HPV antibodies are type specific (4 ) . Those targeting the major viral capsid protein L1 are markers of infection, and those targeting the viral oncoproteins E6 and E7 are markers for HPV-associated cancer (5, 6 ) .
Conventional serologic methods such as ELISA allow the analysis of sera for antibodies to only 1 antigen per well. Different multiplexing technologies for the analysis of protein-protein interactions have been explored (7 ) , all depending on prepurified proteins. High-density planar arrays allow the analysis of very large numbers of targets but are limited in the number of samples that can be analyzed in a reasonable time frame at acceptable costs. Low-density suspension arrays use distinct populations of color-or size-coded beads, which serve as solid supports for the targets and can be identified in a flow cytometer. In contrast to planar arrays, beads allow the analysis of large sample numbers in high-throughput fashion with a limited number of targets (8 ) .
One such suspension array (xMAP; Luminex Corp.) uses polystyrene beads with a diameter of 5.6 m. The beads are filled with 2 fluorescent dyes in various ratios to produce an array of 100 different bead sets that can be distinguished by their internal "color". The Luminex analyzer resembles a flow cytometer with 2 lasers. Beads of different sets mixed in the wells of a 96-well plate are aspirated and arranged in single file before passing through a detection chamber. Excitation with the red laser allows the identification of the bead type, and the green laser is used to excite the reporter fluorescent label bound to each bead.
This system is an open platform for the analysis of molecular interactions and has been used for the detection of bacterial rRNA (9 ) , cytokines (10 ) , and single-nucleotide polymorphisms (11 ) . Several assays have been developed for screening of monoclonal antibodies (12 ) and for detection of antibodies against viral antigens (13) (14) (15) (16) , bacterial toxins (17 ) , polysaccharides (18 ) , and autoantigens (19 ) in serum, cerebrospinal fluid (16 ) , dried bloodspot specimens (15 ) , and stool samples (20 ) . In these reports, prepurified proteins were coupled directly to the beads, and only a few antigens were analyzed in parallel.
We have developed a method for multiplex HPV serologic analysis that combines this fluorescent bead array with a generic method allowing in situ affinity purification of any glutathione S-transferase (GST) fusion protein developed for conventional ELISA (21, 22 ) . We investigated key performance characteristics and the feasibility of this technique for large and complex seroepidemiologic studies by parallel testing for antibodies against 27 antigens (E6, E7, and L1 proteins of 9 HPV types) in more than 800 human sera samples. 
Materials and Methods

production of glutathione-casein
Glutathione (␥-l-glutamyl-l-cysteinylglycine) is a tripeptide with an irregular NH 2 terminus caused by the orientation of its glutamine residue. To produce glutathione-casein (GC), we cross-linked the amines of the 11 lysine residues in casein with the thiol residues of the cysteines in glutathione. Coupling to the primary amines of the glutathione must be avoided because they are involved in the interaction with GST.
The production of GC has been described (21 ) . Briefly, after the cysteine residue of casein (cat. no. C-5890; SigmaAldrich) was blocked with N-ethylmaleimide (SigmaAldrich), the heterobifunctional cross-linker sulfo-succinimidyl-4-(P-maleimidophenyl)-butyrate (Pierce) was added to yield thiol-reactive casein-maleimidophenyl-butyrate. The latter was reacted with glutathione to yield GC. direct coupling of gc and streptavidin-rphycoerythrin to luminex beads
To produce GC beads, terminal amines of the GC were coupled to the carboxyl groups of the beads (MultiAnalyte and, later, SeroMAP microspheres; Luminex). After a standard carbodiimide/succinimide-based activation procedure (23 ), the bead carboxyls formed an acyl amino ester that reacted with the primary amines of some of the glutathione residues in the GC, yielding a stable amide bond. After this coupling procedure, at least one of the glutathione residues cross-linked the casein and the beads. Because the chemical activation procedure took place on the beads, unreacted amines of the glutathione were unaffected and still able to interact with GST.
In detail, 1.25 ϫ 10 7 beads were washed twice with and finally suspended in 400 L of activation buffer (0.1 mol/L sodium phosphate, pH 6.2). Washing was performed by centrifugation for 2 min at 13 000 rpm, aspiration of the supernatant, addition of the activation buffer, sonification for 1 min in the dark, and resuspension of the pellet with a vortex mixer. Both N-(3-dimethylaminopropyl)-NЈ-ethylcarbodiimide (Pierce) and N-hydroxysuccinimide (Pierce) were dissolved at a concentration of 50 g/L in activation buffer and dry dimethyl sulfoxide (Fluka), respectively, and 50 L of each solution was immediately added to the beads. The suspension was incubated on a shaker for 20 min at room temperature in the dark. The activated beads were washed twice with 1 mL of coupling buffer (50 mmol/L 2-morpholinoethanesulfonic acid, pH 5.0) and resuspended in 1 mL of a 250 mg/L GC solution in coupling buffer. Coupling was carried out on a shaker for 2 h at room temperature in the dark. After the coupling procedure, the beads were incubated for 15 min in 1 mL of washing buffer [phosphatebuffered saline (PBS), 0.5 mL/L Tween 20, pH 7.4] containing 50 mmol/L Tris to block unreacted carboxyl groups with primary amines. The beads were then washed twice with 1 mL of washing buffer. Beads were stored in 500 L of storage buffer (PBS, pH 7.4, containing 1 g/L casein and 0.5 g/L sodium azide) at 4°C in the dark. Typical recovery rates were 70% for MultiAnalyte COOH and 60% for SeroMAP microspheres, respectively, yielding a sufficient amount of beads to test at least 2500 sera.
With the same protocol, 8 different concentrations (350 to 3 mg/L; 1:2 serial dilutions) of streptavidin-R-phycoerythrin (Molecular Probes) were coupled to yield directly fluorescence-labeled beads. Before the coupling procedure, the streptavidin-R-phycoerythrin was loaded on a PD10 desalting column (Amersham Pharmacia Biotech) and eluted with PBS to remove azide.
in situ affinity purification of antigens on gc beads Viral antigens were expressed with pGEX vectors (Amersham) in Escherichia coli as double fusion proteins with N-terminal GST and a C-terminal peptide (tag) consisting of the 11 C-terminal amino acids from the large T antigen of simian virus 40. The expression constructs for E6, E7, and L1 of HPV types 16 and 18 as GST fusion proteins have been described (21, 22 ) . Those for the homologous proteins of HPV types 6b, 31, 33, 35, 45, 52, and 58 were generated in the same fashion. L1 proteins were expressed in E. coli strain BL21 Rosetta (Novagen).
A fusion protein consisting of GST and tag without intervening viral antigen was used for background measurements. Overexpression of GST fusion proteins was induced by addition of 250 mol/L isopropyl-␤-d-thiogalactoside to the bacterial culture. Bacterial cells were harvested by centrifugation, and the cells were lysed in a high-pressure homogenizer (Avestin). The lysate was cleared from insoluble components by centrifugation (30 min at 4°C and 13 000 rpm in a SA-600 rotor), and the supernatant was mixed 1:1 with glycerol and stored at Ϫ20°C.
Bacterial lysate was diluted to 1 g/L in casein buffer (1 g/L casein in PBS, pH 7.4). For each antigen, 3000 GC beads per serum were loaded with GST fusion proteins directly in the lysate and incubated for 1 h at room temperature in the dark on a shaker. The beads were then washed 3 times with 1 mL of casein buffer.
human sera
We analyzed 756 sera from 2 case-control studies on cervical cancer from Chennai (India) (24 ) and Algiers (Algeria) (25 ) and 72 sera from a German HPV vaccination trial [Nieland JD, et al. Vaccination trial with HPV16 L1E7 chimeric virus-like particles (CVLP) in high grade CIN patients. Manuscript in preparation]. Ethics committee approval and informed consent of study participants for HPV serology were obtained.
Sera were preincubated at a 1:50 dilution on a shaker for 1 h at room temperature in a serum preincubation casein buffer containing 2 g/L lysate from bacteria expressing GST alone to block antibodies directed against residual bacterial proteins and GST. To suppress nonspecific binding of antibodies to the beads themselves, serum preincubation buffer also contained 5 g/L polyvinyl alcohol (cat. no. P8136; Sigma-Aldrich), 8 g/L polyvinylpyrrolidone (cat. no. PVP-360; Sigma-Aldrich), and 25 g/L Super ChemiBlock (Chemicon).
multiplex assay
Bead sets carrying different antigens were mixed, and 50 L each of preincubated diluted serum and mixed beads (3000 per set) were combined in 96-well plates with filter bottoms (cat. no. MSBVN12; Millipore) and incubated on a shaker for 1 h at room temperature in the dark. The beads were washed 3 times in 100 L of casein buffer on a vacuum manifold (Millipore). Biotinylated secondary antibody [goat anti-human IgA, IgM, IgG (HϩL); Dianova] diluted 1:1000 in casein buffer was added and incubated as before. After washing, detection conjugate (streptavidin-R-phycoerythrin) diluted 1:1000 in casein buffer was incubated with the beads for 30 min. The beads were washed again, and the wells were filled with casein buffer. Reporter fluorescence of the beads was determined with the Luminex analyzer and expressed as median fluorescence intensity (MFI) of at least 100 beads per set per well. To calculate antigen-specific reactivity, the MFI of GSTtag was subtracted from the antigen MFI.
Typically, for studies with up to 1000 sera, GC beads were loaded with antigen on day 1, serum dilutions and all binding reactions and washes were performed on day 2 (assay day), and the completed assay plates were stored overnight at 4°C and analyzed on day 3. For larger studies, the number of assay days would have to be increased.
quantification of bound antigen pGEX-derived fusion protein binding on beads was quantified with the C-terminal tag epitope and anti-tag-PE, a monoclonal murine antibody specific for the R-phycoerythrin (PE)-labeled fluorescent tag (21, 26 ) . Affinitypurified antibody was directly labeled with PE (Chromaprobe) (27 ) . Briefly, a solution of PE in 60% ammonium sulfate was dialyzed extensively. The amino groups of PE were reacted with the heterobifunctional cross-linker succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (Pierce) to yield maleimide-labeled PE. The hinge disulfide bonds of the antibody were reduced by addition of dithiothreitol to yield free sulfhydryls. Finally, the maleimide-labeled PE was reacted with the reduced antibody, and unreacted sulfhydryls were blocked with Nethylmaleimide.
gst capture elisa
The GST capture ELISA has been described in detail (21 ) . Briefly, 96-well plates were coated overnight with GC and incubated with antigen lysate. Preincubated sera were added to the wells with immobilized antigen, and bound antibodies were detected with a horseradish peroxidaselabeled secondary antibody, with tetramethylbenzidine and H 2 O 2 as substrate.
Clinical Chemistry 51, No. 10, 2005 assay principle Our multiplex HPV serology method used in situ affinitypurified viral antigens developed for a conventional GST capture ELISA (21, 22 ) . For this ELISA, antigens were expressed as GST fusion proteins in E. coli and directly purified from bacterial lysates via GC (Fig. 1, left scheme) . The capture protein adsorbed to the wells of a 96-well plate, which were then filled with bacterial lysate. The interaction of glutathione and GST immobilized the fusion proteins. After the wells were washed, sera were added to the wells. The binding of specific antibodies to the antigens was detected with a horseradish peroxidasecoupled secondary antibody.
By covalently coupling the GC to the beads, we transferred the in situ affinity purification to the multiplexing system (Fig. 1, right scheme) . GC beads were loaded with antigen directly from bacterial lysate, and unbound protein was removed by washing. Differently colored beads carrying different viral antigens were mixed and reacted with serum. Biotinylated secondary antibody and streptavidin-R-phycoerythrin were used as reporters to detect bound serum antibodies.
Results
affinity of gst-glutathione interaction on beads
In multiplex serology, binding of antigens is mediated by the interaction between the GST domain of the fusion proteins and glutathione on the GC beads. One initial concern was that this interaction might not be strong enough to prevent antigen carryover after beads loaded with different antigens were mixed.
We therefore incubated antigen-loaded and unloaded GC beads of different sets together overnight before antigen detection with anti-tag-PE. Antigen-loaded GC beads showed strong signals with more than 5000 MFI, but unloaded GC beads remained unchanged and, with signals Ͻ25 MFI, showed only the autofluorescence of the beads (data not shown).
This experimental exclusion of antigen carryover among GC beads is in line with the high affinity we determined for the interaction of GST and GC beads. To determine the dissociation constant, K d , we incubated GC beads with serial dilutions of purified GSTtag. Bound GSTtag was quantified by anti-tag-PE. The GST concentration at half-maximal binding was 6.9 ϫ 10 Ϫ9 mol/L (Fig. 2) . This affinity is comparable to that of many antibody-antigen interactions (28 ) .
density of different gst fusion proteins on gc beads
Frequently, expression of low-molecular-weight proteins in bacteria is much better than that of larger proteins, as shown for GST fusion proteins of HPV E6 and E7 vs L1 (21, 22 ) . We showed that in situ affinity purification on GC beads partially compensates for differences in expression efficiency of GST fusion proteins by incubating GC beads with serial dilutions of bacterial lysates containing HPV 16 E6 (46.8 kDa), E7 (38.6 kDa), and L1 (82.7 kDa) GST fusion proteins, respectively. Bound antigen was quantified by anti-tag-PE. At a lysate concentration of 1 g/L, all proteins reached saturation on the GC beads, with plateaus for E6 and E7 approximately twice as high as that for L1 (Fig. 3) . The ϳ3-fold difference in lysate concentration at half-maximal binding indicated that the L1 lysate contained up to 3-fold less fusion protein than the E6 or E7 lysates. There are two possible reasons for the ϳ2-fold lower plateau for the L1 protein: Expression of larger GST fusion proteins may produce more N-terminal fragments that compete for glutathione binding but lack the C-terminal tag (21, 22 ) , and/or the higher molecular weight may produce a lower molar density of fusion proteins on the bead surface. We concluded that in situ affinity purification of different GST fusion proteins on GC beads leads to similar antigen densities.
dynamic range and detection limit of multiplex serology
We incubated HPV 16 E6 -loaded GC beads with serial dilutions of 1 previously characterized strongly antibodypositive and 4 antibody-negative human sera to assess the dynamic range and detection limit of multiplex serology (Fig. 4) . The linear part of the half-logarithmic doseresponse curve of the positive serum covered ϳ1.5 orders of magnitude. However, the range allowing differentiation of negative and positive sera was far wider. Even at a 1:3 000 000 dilution, the signal of the positive serum was still significantly higher than the mean plus 3 SD of the 4 negative sera.
reproducibility of multiplex serology
We determined the imprecision of the measurement by directly analyzing fluorescently labeled beads according to the Clinical Laboratory Standards Institute (formerly NCCLS) guidelines (29 ) . Within-run CVs were 0.0%-3.1% (median, 2.2%), between-run, within-day CVs were 4.2%-7.2% (median, 4.9%), and between-day CVs were 3.5%-7.5% (median, 5.4%).
We also determined assay reproducibility by comparing 2 experiments performed as independently as possible. Sera from 38 cervical cancer patients were analyzed for HPV 16 E6 and E7 antibodies by 2 different investigators, each using the same bacterial lysates as an antigen source but different sets of GC beads from separate coupling batches. For the 2 data sets, the correlation coefficient (R 2 ) was 0.97, indicating low individual variation (Fig. 5) . The slope of the trend line was also 0.97, indicating low systematic variation in both experiments.
After the assays were completed, multiplex serology signals were stable for at least 24 h when plates were stored at 4°C. Signals were also stable when antigenloaded GC beads in casein buffer were stored for 48 h at An HPV 16 E6 antibody-positive cervical cancer serum (F) and 4 antibodynegative sera from healthy blood donors were serially diluted (1:2), and the HPV 16 E6 reactivities were determined. Data points were fitted by a 4-parameter logistic curve model and SigmaPlot software. E represent the mean value of the 4 negative sera; bars represent 3 SD, and fitting was omitted because it overlayed with the error bars. The inset shows the data at high dilutions with MFI at enlarged scale. 
agreement with gst capture elisa
We directly compared the performance of multiplex serology with GST capture ELISA. Sera from 91 cervical cancer patients were analyzed for HPV 16 E6 antibodies by both methods (Fig. 6) . The correlation coefficient, 0.94, indicated good agreement of the 2 data sets. According to cutoff values derived from healthy controls tested with both methods, 38 sera were concordantly positive, 46 were concordantly negative, and 7 sera showed discordant results, all 7 being negative by GST capture ELISA and positive by multiplex serology, but at very low concentrations. The value, 0.846, demonstrated that serum classification by both assays is highly correlated.
sensitivity
We determined assay sensitivity by reanalyzing sera from a clinical vaccination trial. Chimeric virus-like particles consisting of HPV 16 L1/E7 fusion proteins had been administered in 2 different doses to women with HPV 16 DNA-positive cervical intraepithelial neoplasia, a cervical cancer precursor lesion. The vaccination had induced strong L1-specific and mostly weak E7-specific antibody responses. The availability of pre-and postvaccination sera of women who received the vaccination and women in the placebo group allowed comparison of the sensitivity of multiplex serology to GST capture ELISA.
Increased postvaccination E7 antibodies in the highdose group compared with the low-dose group were found with both methods, but the increase seen with multiplex serology, quantified by the ratio of postvaccination to prevaccination antibody reactivity in serum, was much stronger (Fig. 7) . For individual vaccine recipients, the ratio reached as high as 88.2 in multiplex serology vs 15.4 in the ELISA (Table 1 ). The increased sensitivity of multiplex serology was also reflected by the higher median and mean ratios in both vaccination groups. When we used a ratio Ͼ2 and a postvaccination value above cutoff as criteria for E7 vaccination response, multiplex serology identified 11 and 7 responders of 12 patients each in the high-and low-dose groups, respectively, vs only 6 and 4 identified by ELISA. Neither assay showed responders in the placebo group. Weak E7 antibody responses among the prevaccination sera may have been induced as a consequence of the HPV 16 infection underlying the cervical lesion. We concluded that multiplex serology detects weak antibody responses more efficiently than does the GST capture ELISA and thus appears to be more sensitive.
application of multiplex serology in epidemiologic studies on cervical cancer with 27 hpv antigens Sera from 347 women with and 409 women without cervical cancer were analyzed in parallel for antibodies against the E6, E7, and L1 proteins of 9 mucosal HPV types. The high-risk HPV types 16, 18, 31, 33, 35, 45, 52, and 58 are associated with cervical cancer, and HPV type 6b is a low-risk type that is not associated with cervical cancer.
Cervical carcinoma cells mostly contain DNA of only one high-risk HPV type (3 ), which is also assumed to induce the E6 and E7 antibodies found in the patient serum. We directly compared antibody reactivities of the 756 sera with the homologous E6, E7, and L1 proteins of the 2 most frequent HPV types, 16 and 18 (Fig. 8) . The majority of positive antibody reactions were directed toward only 1 of the 2 homologous proteins. This finding suggests the absence of substantial antibody cross-reactivity between HPV types 16 and 18 and demonstrates the potential of HPV type-specific antibody detection by multiplex serology.
Multiplex serology showed a strong association of cervical cancer with antibodies to E6 proteins ( Fig. 9 ; data for E7 and L1 antibodies not shown). This association was reported previously for HPV 16 and 18 (5, 6 ) , but is shown here for the first time for 2 less prevalent high-risk HPV types. The Wilcoxon rank-sum test showed differences between cases and controls that were highly significant (P Ͻ0.001) for HPV types 16, 52, and 58 and less significant for HPV 18 (P ϭ 0.004). We found no significant difference for HPV types 31 (P ϭ 0.657), 33 (P ϭ 0.077), 35 (P ϭ 0.332), and 45 (P ϭ 0.951) or for the low-risk HPV type 6b (P ϭ 0.511). 
Discussion
The serologic method presented here combines a wellvalidated modular expression system for protein antigens and their uniform in situ affinity purification (21, 22 ) with a high-throughput low-density suspension array. This parallel approach allows large and complex seroepidemiologic studies with several thousand sera and up to 100 antigens. A study with 27 HPV antigens is described here that would hardly be feasible with nonparallel assay formats.
Multiplex serology requires much less time and normalization effort than do conventional serologic assays, Another advantage is the low serum volume required: 2 L of serum is sufficient to establish antibody profiles for any number of antigens. The simple expression system for GST fusion proteins and their 1-step purification directly on GC beads offers a substantial workload reduction. In addition, GSTmediated binding selects for fusion proteins with native conformation of at least the GST part, whereas direct coupling of different proteins to beads may lead to grossly varying protein densities (20 ) and may also affect conformation, particularly of small proteins.
During the development of this multiplex serology method, we identified 2 critical steps: reproducibly high efficiency of GC coupling to the beads and suppression of nonspecific antibody binding to the beads themselves. With experience, our initial 3-fold or greater differences in GC density on the beads were reduced to interbatch variations Ͻ5% (data not shown).
We frequently observed nonspecific binding of human antibodies to beads, even without coupled GC, with background values exceeding 500 MFI in up to 20% of sera from certain collections. Testing several protocols and reagents, we identified a mixture of 3 blocking reagents (polyvinyl alcohol, polyvinylpyrrolidone, and a proprietary reagent, Super ChemiBlock) that, when added to the serum preincubation buffer, suppressed this background sufficiently (median background values Ͻ50 MFI with Ͻ0.5% of sera giving MFI values Ͼ200; Waterboer T, et al. Suppression of nonspecific binding in serological Luminex assays, manuscript in preparation).
Multiplex serology is robust and versatile. Antibody assays have been developed not only for a total of 54 HPV antigens but also for capsid proteins and large T antigens of 4 polyomaviruses, the main proteins of Lassa and Borna-Disease viruses, and 2 cellular proteins (p53 and  p16 Ink4a ; Michael Pawlita, unpublished data).
In conclusion, we believe that multiplex serology may replace standard ELISA technology, particularly for epidemiologic settings. Applications beyond epidemiology could be the monitoring of infections during pregnancy and the differential diagnosis of infections with similar clinical symptoms.
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